ABSTRACT
INTRODUCTION
Over the years, much attention has been paid to Mn-doped ZnS semiconductors and quantum dots (QDs) for their novel optical properties (1) (2) (3) (4) (5) (6) (7) . The optical properties of these materials can be tuned owing to quantum confinement effect, which leads to size-dependent band gap energy in QDs and is the basis for QD sensitized solar cell technology (8). Bulk ZnS has a wide band-gap energy of 3.68 eV, which limits its ability to absorb visible light (9-12). ZnS
QDs have even wider band gaps than the bulk and are unsuitable for QD sensitized solar cell applications. Since ZnS is an environmentally benign and earth abundant material, it is desirable to find means to modify its energy levels such that it becomes a good absorber of solar energy. which gives rise to a red emission band (16). Although the origin of the red emission band is not well understood, the concentration quenching is most likely due to dipole-dipole interaction or exchange coupling between the Mn 2+ ions (17). It may also be facilitated by trapped states like those formed on the surfaces of the QDs (18). It is of both fundamental and technological interest to explore these effects for QD sensitized solar cells as the increased overlap between the wave functions and coupling among various centers in a QD may lead to either enhancement or quenching of the luminescence (19). The lifetimes of the relevant excited states can be altered by these interactions and also by spin selection rules in the magnetically doped ZnS, which may be another way to control the photovoltaic characteristics, in addition to tuning the absorption windows.
In addition to solution based methods, there are several ways to make QDs using deposition-based methods such as successive ionic layer adsorption and reaction (SILAR), chemical bath deposition (CBD), and atomic layer deposition (ALD) (see references in 20-21).
In recent years, the preparation of nanoparticles using laser ablation in liquids has been explored (22) (23) (24) (25) although this method has been studied to a much lesser extent for QD synthesis (26) (27) (28) .
In our previous study, we have succeeded in QD preparation in a one-step synthesis process using pulsed laser ablation in liquid (20).
In this work, we report the properties of Mn doped ZnS QDs prepared by laser ablation in 
RESULTS AND DISCUSSION
We have found that samples made with both methods are of similar average particle size (about 3 nm). And both methods are effective in doping Mn into the ZnS QDs. Figure 1a nm is accompanied by a small shoulder at 300 nm. The nature of the shoulder is not well understood at present. There are reports claiming that the shoulder may be due to particle size distribution (35) , absorption by high level excited Mn 2+ internal states (33), or organic molecules/polymers capping the ZnS QDs (36). We can rule out the last as a possible mechanism from the way the samples were prepared, in which there was no organic molecules involved. Figure 5 shows, in addition, a weak peak at 468 nm, which is attributed to the excitation transition of the 3d 5 electrons from the ground state 6 A 1 to the excited states 4 A 1 and 4 E (37).
This excitation peak is often missed in PLE measurements due to the emissions that occur at about the same wavelengths. However, its presence is well established here and elsewhere (3, 33) and plays a critical role in enriching the absorption window of our solar cells as will be discussed below. Although not obviously seen in Fig Upon further increasing the Mn concentration to 5 at.%, the IPCE efficiency increases to 4.5 % at 400 nm. However, the efficiency decreases at longer wavelengths (see Fig. 7 ). The 4.0x10 -6 6.0x10 -6 8.0x10 
